aBStraCt
We evaluated the effect of feed additives on the risk of ruminal acidosis in Holstein heifers (n = 40) fed starch and fructose in a challenge study. Heifers were randomly allocated to feed additive groups (n = 8 heifers/group): (1) control (no additives); (2) virginiamycin (VM); (3) monensin + tylosin (MT); (4) monensin + live yeast (MLY); and (5) sodium bicarbonate + magnesium oxide (BUF). Heifers were fed 2.5% of body weight (BW) dry matter intake (DMI) per day of a total mixed ration (62:38 forage:concentrate) and feed additives for a 20-d adaptation period. Fructose (0.1% of BW/d) was included for the last 10 d of the adaptation period. On d 21, heifers were fed to target a DMI of 1.0% of BW of wheat, fructose at 0.2% of BW, and their feed additives. Rumen fluid samples obtained by stomach tube and blood samples were collected weekly as well as during a 3.6-h period on challenge day (d 21). Virginiamycin and BUF groups maintained a consistently high DMI across the 20-d adaptation period. The MLY heifers had low DMI of the challenge ration. Average daily gain and feed conversion ratio were not affected by feed additives. All rumen and plasma measures changed weekly over adaptation and over the challenge sampling period with the exception of rumen total lactate and histamine concentrations, plasma oxidative stress index, and ceruloplasmin. Substantial within-and between-group variation was observed in rumen and plasma profiles at challenge sampling. No significant group changes were observed in rumen total volatile fatty acids, propionate, acetate-to-propionate ratio, isobutyrate, caproate, isovalerate, total lactate, d-and l-lactate, and pH measures on challenge day. Acetate concentration was increased in the BUF and control groups on challenge day. Butyrate concentration was lower in the MLY and MT groups compared with other groups at challenge. Valerate concentrations were lowest in the control, VM, and BUF groups and lactate concentrations were numerically lower in the MLY, VM, and BUF groups. Total lactate concentrations were >10 mM for each group throughout the challenge. Ammonia concentrations were lower in the MLY and MT groups. Histamine concentrations were decreased in MLY and increased in the VM and BUF groups. Plasma oxidative stress measures were not influenced by feed additives weekly or on challenge day, except for an increase in biological antioxidant potential in the control, VM, and MT groups on challenge day. Despite the large within-animal variation, all feed additives modified rumen function and may influence the risk of acidosis by different mechanisms; however, none stabilized the rumen in all heifers. Key words: acidosis , feed additive , fructose , lactic acid
IntrODuCtIOn
Ruminal acidosis is a complex nutritional disorder. It is caused by the accumulation of organic acids initiated by the combination of consumption of large amounts of readily fermentable carbohydrates and insufficient intake of physically effective fiber (Nagaraja and Titgemeyer, 2007; Bramley et al., 2008) . Periods of high risk for acidosis occur when dairy cattle are fed substantially more concentrate close to calving or when beef cattle enter the feedlot. The complex can occur from a relatively mild form where symptoms are subclinical to the peracute, resulting in death. Clinical signs include losses in production performance, diarrhea, dehydration, lameness, and decreased appetite (RAGFAR, 2007; Plaizier et al., 2008) . Clinical definitions of acidosis, largely based on rumen pH, are inconsistent and can create confusion, leading to inaccurate diagnosis of acidosis (Kleen et al., 2003; Nagaraja and Titgemeyer, 2007; Plaizier et al., 2008) . We largely concur with the view of Britton et al. (1989) that "acidosis is not one disease, but rather a continuum of degrees of ruminal acidity." Perhaps this description could be reworded to "degrees of safe sequestration of hydrogen."
Inclusion of feed additives is one practice of several used to reduce acidosis risk in the dairy and beef industries. A substantial body of evidence exists that supports the use of feed additives in cattle. However, relatively few papers exist that examine the effects of combinations of these on rumen profiles in vivo in dairy cattle (Clayton et al., 1999; Lean et al., 2000) . Scientific evaluation of the effects of feed additives will allow producers, nutritionists, and veterinarians to make informed management decisions when considering their use and assist in the development of the most prudent use strategies for antimicrobial and other agents that modify rumen function.
Our primary aim was to evaluate the efficacy of the following feed additives to reduce acidosis risk during a non-life-threatening, but substantial, starch and fructose challenge: virginiamycin, combinations of monensin and tylosin, monensin and yeast, and sodium bicarbonate and magnesium oxide. We hypothesized that feed additives would reduce acidosis risk in cattle compared with unsupplemented control cattle, as indicated by production, rumen, inflammation, and oxidative stress measures. We also intended to further examine the pathophysiology and clarify definitions of ruminal acidosis.
materIaLS anD metHODS

Animals and Housing
The study was conducted on 36 pregnant and 4 nonpregnant Holstein heifers from a commercial dairy herd (n = 40). All heifers were between 15 to 21 mo of age and had a mean BW of 383 ± 49 kg on arrival at the study site located at Cobbitty [New South Wales (NSW), Australia]. For the duration of the study, all heifers, when not being fed or sampled, were kept as 1 herd in a paddock with little or no available feed DM and with ad libitum water access. All experimental procedures were approved by the SBScibus Animal Ethics Committee (SBScibus 0512-0513).
Experimental Design
Each heifer was enrolled in the study for a period of 29 d, consisting of 5 experimental periods: (1) preadaptation (d −2 to 0), (2) adaptation I (d 1 to 10), (3) adaptation II (d 11 to 20), (4) challenge (d 21), and (5) postchallenge (d 22 to 26; Figure 1 ). Heifers were randomly assigned by identification number to 1 of 5 feed additive groups (n = 8 heifers/group) and 1 of 4 blocks (A to D; n = 10 heifers/block), with 2 heifers/ group assigned to each block using a random numbers table generated from Stata v.11 (StataCorp LP, College Station, TX). Enrolment into the study was staggered, with heifers assigned to each block entering the study 1 d after the previous block to allow sampling of 10 heifers/d only, over 4 consecutive days. Sample sizes were based on previous studies in which significant differences in fermentation characteristics were observed (Golder et al., 2012; Lean et al., 2013) . To ensure that feeds were allocated correctly, farm workers were not blinded to feed-additive groups.
Feed-Additive Groups
The feed-additive groups were as follows: (1) control (no additives); (2) virginiamycin (VM); (3) monensin + tylosin (MT); (4) monensin + live yeast (MLY); and (5) sodium bicarbonate + magnesium oxide (BUF). The feed additives (Table 1) were incorporated into wheat pellets mixed on top of each heifer's TMR, with the exception of the yeast, sodium bicarbonate, and magnesium oxide, which were weighed out separately in individual feeding portions and mixed on top of the TMR. All heifers received the same amount of wheat pellets ( Figure 1) ; however, those received by the control and BUF heifers contained no feed additives.
Diet
The rations offered in each of the experimental periods are detailed in Figure 1 . The predicted chemical composition of the rations offered during the adapta- Figure 1 . Experimental periods and their corresponding study days and rations offered during the study. The rations were offered in equal proportions twice daily, with the exception of the challenge period. Rumen and blood samples were collected on d 0, 7, 14, and 21 during their respective experimental periods. Wheat pellets contained respective feed additives for their groups as indicated in Table 1 . Heifers in the monensin + live yeast (MLY) group received yeast and those in the sodium bicarbonate + magnesium oxide (BUF) group received sodium bicarbonate and magnesium oxide in addition to wheat pellets. *Introductory doses were offered for the initial days before the full rate was offered. TMR = 62:38 forage:concentrate, consisting of 31.5% wheaten hay, 30.5% alfalfa hay, and 38% milled wheat; hd = head. 987 tion I, adaptation II, and challenge periods were calculated using CPM Dairy Ration Analyzer (version 3.10; Cornell-Penn-Miner, Cornell University, Ithaca, NY; Table 2 ) from ration components analyzed by wet chemistry (Dairy One Cooperative Inc., Forage Testing Laboratory, Ithaca, NY; Table 3 ). Wet chemistry methods are described in Golder et al. (2012) . Samples of the forages were taken by a forage core sampler (Best Harvest USA LLC, Saint Petersburg, FL). Three cores from each bale of hay used in the TMR were pooled for both the wheaten and alfalfa hay.
Feeding Procedure
All heifers were fed half their daily rations at 0700 and 1400 h in individual concrete floor feeding pens. The order that heifers were fed and the feeding pen number were ad hoc at each feeding session. Pens were cleaned between heifers and feeding sessions to avoid cross-contamination of feed additives. Each heifer had a single labeled feed bin to prevent feed contamination. The fructose (CornSweet crystalline fructose; ADM Corn Processing, Decatur, IL) and urea [Incitec Pivot Ltd., Melbourne, Victoria (VIC), Australia], when incorporated in the ration (Figure 1 ), were weighed out daily based on individual BW and mixed on top of the TMR. Observed total eating time and manually weighed orts were recorded for each heifer at each feeding session. No water access was available in the feeding pens or holding yards during the feeding sessions.
Sampling Procedure
A rumen and blood sample was taken within 3 h of the morning feed from each heifer on d 0, 7, and 14 during the preadaptation, adaptation I, and adaptation II periods, respectively. Rumen fluid was collected using a custom designed stomach pump and a tube approximately 3 m in length with a multi-holed aluminum probe at one end into a 500 mL container. The tube was inserted to a minimum length of approximately 2 m. Rumen fluid was scored for saliva contamination as described by Bramley et al. (2008) using a 3-point scoring system (3 being the highest level of contamination). Rumen fluid collection was repeated up to 3 times if a saliva score of >1 was observed and the lowest scoring sample was used for pH measurement. No rumen samples retained for analysis had a saliva score >2. Rumen fluid samples were analyzed for pH immediately after collection using a pH meter (Merck Pty Ltd., Kilsyth, VIC, Australia). The samples were sieved to remove large particles and centrifuged (Allegra X-12R; Beckman Coulter Australia Pty. Ltd., Gladesville, NSW, Australia) at 1,512 × g for 15 min at 5°C. The supernatant was aliquoted into 1.5-mL collection tubes and stored at −20°C for VFA, ammonia, l-and d-lactate, and histamine analysis. Blood samples were taken by coccygeal venipuncture using heparinized blood collection tubes (Vacutainer; BD, Plymouth, UK) and centrifuged at 1,512 × g for 15 min at 5°C. The plasma was then aliquoted into 1.5-mL storage tubes, and stored at −20°C for histamine and oxidative stress analysis.
Challenge Procedure
Each heifer was challenged once on d 21 with a DMI of 1.0 and 0.2% of their BW of milled wheat and fructose, respectively, and fed their morning allocation of feed additives. The NFC of the challenge ration was estimated at 76.3% of DM (CPM Dairy Ration Analyzer; Table 2 ). The blocks of heifers were sampled over 4 consecutive days. At 0700 h on the day of challenge, each heifer was offered 200 g of alfalfa hay to reduce saliva contamination of the rumen samples. Previously, we found that feeding a small proportion of hay or silage immediately before feeding the challenge rations prevented cattle from salivating excessively before sampling. Immediately after consumption of the hay, heifers were offered their challenge rations. Ration consumption time and weighed orts were recorded to calculate the average ration consumption time and 
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percentage of ration consumed per treatment group. Rumen fluid samples were collected 5, 65, 115, 165, and 215 min after ration consumption using a stomach tube and pump. A blood sample was taken by coccygeal venipuncture 5 and 215 min after ration consumption. Rumen and blood samples were processed as described in the Sampling Procedure section. As a result of clinical acidosis in a control heifer from block A 10 h after challenge feeding, all control heifers from blocks B to D were drenched with 200 g/head of sodium bicarbonate (Penrice Soda Products Pty Ltd., Osborne, South Australia, Australia) in 10 L of water within 2 h of the final sampling. All heifers were monitored closely in the afternoon of the challenge day and offered access to wheaten hay. Heifers were returned to their adaptation II rations for the first 3 d after challenge and feed intake was recorded.
Locomotion Scoring
Heifers were locomotion scored on 7 occasions during the study, after rumen and blood sampling in the preadaptation, adaptation I and II periods, on challenge day, and 1, 2, and 5 d after challenge. Scoring was conducted by 2 study investigators working in tandem as heifers were individually walked past them on a concrete surface using the 5-point scoring system developed by Sprecher et al. (1997) , with 5 being severely lame. The scorers were blinded to previous scores. Scores <2 were considered normal.
BW and Physical Examination
Individual heifer BW was measured on arrival at the study site and weekly. Ration components based on BW were updated after weighing. All heifers were observed during each feeding session and were given a physical examination if low appetite or abnormal demeanor were observed. The physical examination included rectal temperature, rumen contractions, heart rate, rumen pH measurement, and optional rumen and blood collection. Heifers with reduced feed intake or diarrhea were closely observed and monitored at subsequent feeding sessions. Any potential health concerns were recorded.
Acidosis Diagnosis
Clinical ruminal acidosis was diagnosed based on a combination of clinical signs that included inappetence, dull demeanor, abnormal rectal temperature, increased respiratory rate, absence of rumen contractions, and lameness. Subclinical acidosis was diagnosed based on a combination of DMI and acidosis eigenvalues obtained from standardized rumen pH, VFA, ammonia, and lactate concentrations, using the model by Bramley et al. (2008) .
Analysis
Rumen VFA concentrations were analyzed by an Agilent series gas chromatograph with HP6890 injection, 30-mm × 0.53-mm × 1.0-μm capillary column (Agilent Technologies Inc., Wilmington, DE), and ChemStation software (Agilent Technologies Inc.) based on methodology from Supelco Inc. (1975) . The interassay coefficients of variation for acetate, propionate, isobutyrate, butyrate, isovalerate, valerate, and caproate were 7.7, 7.1, 6.8, 6.7, 13.7, 6.9, and 8.3%, respectively.
Rumen ammonia concentrations were analyzed by the direct enzymatic method (Pesce and Kaplan, 1996) using Infinity Ammonia Liquid Stable Reagent (catalog no. TR60101; Beckman Coulter Australia Pty. Ltd.), on an Olympus AU400 Autoanalyzer (AHL NTM-56; Olympus, Mount Waverly, VIC, Australia). The interassay coefficient of variation for ammonia samples was 10%. Rumen d-lactate was analyzed using a UV method for d-lactate determination in rumen fluid using a Boehringer Mannheim kit (catalog no. 11 112 821 035; R-Biopharm-Laboratory Diagnostics Pty. Ltd., Taren Point, NSW, Australia) after deproteinization with perchloric acid according to kit instructions on an Olympus AU400 Autoanalyzer. Rumen l-lactate was analyzed using a UV method for l-lactate determination in rumen fluid using a Beckman Coulter kit (catalog no. OSR 6193; Beckman Coulter Australia Pty. Ltd.) on an Olympus AU400 Autoanalyzer.
Rumen histamine concentrations were analyzed in samples collected 5 and 215 min after challenge ration consumption and plasma histamine in those collected 215 min after challenge ration consumption. Analysis was performed within 7 wk of sample collection using a human histamine ELISA kit (catalog no. RE59221; IBL International GmbH, Hamburg, Germany) according to the manufacturer's instructions for human plasma samples (Golder et al., 2012) . Rumen fluid was passed through a 0.22-μm polyethersulfone membrane syringe filter (Millipore Ireland BV, Carrigtwohill, Co. Cork, Ireland) and diluted 1:2 with assay buffer supplied within the kit before analysis. Absorbance was measured at 450 nm using a POLARstar Optima microplate reader (BMG Labtech, Melbourne, VIC, Australia). The interassay coefficient of variation was <17% and the intraassay coefficient of variation for rumen fluid was <15% and <8% for plasma.
Plasma reactive oxygen metabolites (dROM; dROMs Test; Diacron International srl, Grosseto, Italy) and biological antioxidant potential (BAP; Bap Test; Diacron International srl) were measured according to kit instructions. The extent of oxidative stress was expressed as an oxidative stress index (OSI), estimated using the ratio of (dROM/BAP) × 100 (Celi, 2011) . Plasma ceruloplasmin concentration was determined according to the methods described by Sunderman and Nomoto (1970) , with the exception that absorbance was read at 510 nm (POLARstar Optima; BMG Labtech).
Statistical Analysis
All data were analyzed using the following linear mixed model in GenStat (14th edition; VSN International Ltd., Hemel Hempstead, UK), unless otherwise indicated:
where Y ijkl = response of group i (i = 1 to 5) at the jth period (j = 1 to 4; or time j = 1 to 5; or study day j = 1 to 20) from block k (k = A to D) by heifer l (l = 1 to 39); μ = overall mean; β i = fixed effect of treatment group; γ j = fixed effect of period (or time); (βγ) ij = effect of group by period (or time, or study day) interaction; X k = random effect of block; (XZ) kl = random effect of heifer nested within block; and ε ijkl = random residual error within heifer l at period (or time, or study day) j from block k. The covariance structure of the random error terms of the model was independent. This model was chosen following examination of other covariance structures, including first-order autoregressive (AR1) structures using a likelihood ratio test to compare models; consequently, all the correlation was modeled through the random terms. A residual analysis was performed for each response variable, testing for the distributional assumption, homogeneity of the variance, and influential observations using residual and deviance plots.
Preadaptation rumen and plasma measures were analyzed without the fixed effect of period and the interaction of group by period (data not shown). The same model was used to test the effect of group for arrival, adaptation I, and challenge BW, and ADG and feed conversion ratio (FCR) from adaptation I to challenge. Arrival BW was used as a covariate for adaptation I and challenge BW. Six BW measurements were rejected as implausible and replaced by points interpolated by calculating the average of the BW taken from the previous and subsequent week, including one arrival BW, estimated by extrapolation using a linear trend line.
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Study day (j = 1 to 20) was used as a main effect in replacement of period for the analysis of DMI and ration consumption percentage over the 20-d adaptation. Dry matter intake and ration consumption percentage on challenge day were analyzed without the fixed effect of period and the interaction of group by period. Individual heifer ration consumption percentages within each group were graphed over the 20-d adaptation (data not shown). The difference in ration consumption percentage and DMI between the mean 3 d before and after challenge was analyzed using the fixed effects of group and period, and their interaction (j = 1 to 2; data not shown).
Acidosis risk at the preadaptation and adaptation I and II periods was assessed using eigenvalues based on the statistical distance of each sample from the centroid for known acidosis cases. Eigenvalues approaching close to 1 are in the center of the acidosis category and those approaching 0 are not acidotic. Acidosis eigenvalues were obtained using discriminant analysis and the acidosis categories defined according to the methods of Bramley et al. (2008) . Heifers did not classify appropriately using this model for any of the 5 sample times on challenge day. The main effects of group and period (j = 1 to 3) and their interaction for the acidosis eigenvalues were analyzed using the linear model described. No covariates were used.
Weekly rumen and plasma data measured were analyzed using the linear model described. Only measures from the final challenge sampling (215 min) were used in the data set for the fourth week measurement (d 21). No covariates were significant. The variables rumen valerate and isovalerate were transformed using a logarithm base 10 and rumen acetate to propionate ratio, total lactate, and d-and l-lactate were transformed using a natural log to achieve a normal distribution of residuals.
All rumen and plasma data from the challenge period were analyzed with the fixed effects of group and time, and their interaction. Plasma was obtained at the 5-and 215-min samplings only (j = 1 to 2). The covariates, arrival BW, preadaptation (d 0) measures, mean DMI and ration consumption percentage over the 20-d adaptation, BW at challenge, DMI at challenge, consumption percentage of challenge ration, and time for challenge ration consumption were tested in the model, but none were significant. The variables rumen valerate and isovalerate were transformed using a logarithm base 10 to achieve a normal distribution of residuals. Data from each heifer within each group was graphed over the challenge sampling period to identify heifers with unusual measures (data not shown).
A Pearson correlation was performed to determine the relationship between rumen and plasma histamine concentrations at the final challenge sampling, regardless of group. A count of locomotion scores ≥2 for each group and period was performed and no formal analysis was undertaken for these.
reSuLtS
A heifer from the MT group was removed from the final analysis, as she consumed only 12% of her challenge ration. No differences in rumen or plasma measures were obtained between groups in the preadaptation sampling (data not shown).
Clinical Observations During Adaptation
Abnormal watery, bubbly feces were observed for several heifers from different feed additive groups during the 20-d adaptation period. Six heifers (1 control, 1 VM, 3 MT, and 1 MLY), including a heifer later excluded from the study, were given a physical examination on d 4 after presenting with a dull demeanor and inappetence. Rectal temperatures were within the normal range, 2 heifers had elevated heart rates (98 and 100 beats per minute), 1 had a rumen pH of 5.6, and 2 had infrequent or no rumen contractions. All 40 heifers were subsequently given access to millet hay with their TMR for the following 3 d. None of these 6 heifers examined showed signs of lameness and resumed normal appetite within 2 to 5 d after examination.
BW and DMI During Adaptation
Body weight at adaptation I and challenge, ADG, and FCR were not affected by group (Table 4) . Over the 20-d adaptation, DMI was greatest in the VM and BUF groups, similar in the MT and BUF groups, and also similar in the control and MT groups; however, DMI was lowest in the MLY group (Table 4) . Heifers had the lowest DMI and percentage of offered ration consumed on study d 3 and 4 and the highest DMI on study d 19 and 20 (Figure 2 ). Marked variation in ration consumption percentage among heifers within each group was observed but was greatest in the control, MT, and MLY groups. A cyclic feeding pattern was also observed for these groups (Figure 2 ).
Acidosis Classification
Acidosis eigenvalues showed a trend toward a group by period interaction (P = 0.09) and period effect (P = 0.07; Table 5 ). Eigenvalues increased weekly and were greatest for the MT and control groups (Table 5 ; Figure 3A ). Three heifers (2 from the MT and 1 from the control group) were classified as acidotic based on eigenvalues and Bramley et al. (2008) acidosis group classification at the adaptation II sampling.
Weekly Rumen and Plasma Profiles
Total VFA and acetate concentrations were influenced by the group by period interaction, with concentrations for all groups increasing from the preadaptation to the adaptation I sampling. Concentrations of total VFA and acetate were increased in the BUF group, decreased in the MT group, and were relatively similar to adaptation I concentrations for the other groups at the adaptation II sampling. Concentrations of these decreased for all groups, with the exception of an increase for the MT group at the challenge sampling (Table 5 ; Figure 3B and C). Means within a row not sharing a common superscript differ significantly (P < 0.05).
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The main effects of group and study day are reported where relevant.
2 Control = no feed additives; VM = virginiamycin; MT = monensin + tylosin; MLY = monensin + live yeast; BUF = sodium bicarbonate + magnesium oxide.
3
Arrival BW was used as a covariate in the analysis.
4
When 1 heifer with an FCR of 70.6 kg of DMI/kg of gain was removed from the VM group, the mean FCR was 6.50 kg of DMI/kg of gain.
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When 1 heifer with an FCR of 70.6 kg of DMI/kg of gain was removed from the VM group, the P-value was 0.39. Propionate concentrations increased between the preadaptation and adaptation I sampling, concentrations were relatively consistent between the adaptation I and II sampling, and decreased at the challenge sampling (Table 5 ; Figure 3D ). The acetate-to-propionate ratio decreased between the preadaptation and adaptation I sampling and was relatively stable between the adaptation I and challenge samplings. The ratio increased in the BUF group at the challenge sampling (Table 5 ; Figure 3E ). Butyrate concentrations increased for the majority of groups (Table 5; Figure 3F ). Isobutyrate concentrations decreased for all groups from preadaptation to adaptation I and increased between adaptation I and II, except for a decrease in the MT group, before decreasing in all groups at the challenge sampling.
Caproate and valerate concentrations increased weekly (Table 5 ; Figure 3G ). Isovalerate concentrations increased, except in the BUF group, from preadaptation to adaptation I, decreased in the VM and MT groups, and increased in the other groups between adaptation I and II. Isovalerate concentrations decreased in the MLY, control, and VM groups and remained relatively stable for the other groups between adaptation II and challenge (Table 4) .
Total lactate concentrations increased from a mean of 0.09 ± 0.05 to 25.4 ± 7.0 mM from preadaptation to challenge day (Table 5; Figure 3H ). d-Lactate and llactate concentrations increased markedly at challenge day (Table 5 ; Figure 3I and J, respectively). l-Lactate concentrations were highest in the control group.
Ammonia concentrations decreased between the preadaptation and adaptation I sampling, increased in the majority of groups at the adaptation II sampling, and decreased on challenge day (Table 5; Figure 3K ). Rumen pH was not different between groups but was highest at the preadaptation sampling, lower at adaptation I, increased at adaptation II, and was the lowest at challenge sampling: 0.81 units lower than at preadaptation (Table 5 ; Figure 3L ).
Plasma dROM, BAP, OSI, and ceruloplasmin concentrations were not influenced by the group by period interaction or group effect (Table 5 ). The concentration of dROM was similar at the preadaptation and challenge day, but increased between the preadaptation to adaptation I, and the adaptation I to adaptation II samplings (Table 5 ; Figure 4A ). The BAP concentrations were consistent at the preadaptation and challenge day samplings but were increased between these periods (Table 5; Figure 4B ). The OSI was highest at the adaptation II sampling (Table 5; Figure 4C ). Ceruloplasmin concentrations peaked at the adaptation I sampling and returned to a concentration comparable to that at preadaptation by the challenge sampling (Table 5; Figure 4D ). 
Clinical Signs and DMI on Challenge Day
No clinical signs of acidosis were observed during the sampling period. A control heifer in the first block of heifers challenged was diagnosed with acute ruminal acidosis 10 h after challenge feeding. She was drenched with 200 g of sodium bicarbonate in 20 L of water 24 h after challenge and had recovered by 48 h after challenge. A detailed clinical case report on this heifer will be available (Golder et al., 2013a) .
Dry matter intake was greatest for the MT and VM heifers and lowest for the MLY heifers, which, on average, consumed only 65% of their offered ration (Table  4) . Ration consumption time approached significance (P = 0.06), with VM heifers, on average, consuming the ration the quickest (approximately 49 min), compared with the BUF heifers, which took approximately 20 min longer (Table 4) . No difference was observed in percentage of ration consumption and DMI 3 d before and after challenge (P = 0.72 and P = 0.83, respectively; data not shown).
Rumen and Plasma Profiles on Challenge Day
Caproate was the only rumen measure with a group by time interaction (Table 6 ). Acetate concentrations were highest in the BUF group and also high in the controls. Acetate concentrations were similar in the VM, MT, and MLY groups. Acetate concentrations increased between the 5-and 65-min sampling and then plateaued (Table 6 ; Figure 3C ). Butyrate concentrations were higher in the control and BUF groups compared with the MT and MLY groups (Table 6; Figure  3F ). Butyrate concentrations were highest between the 65-to 165-min samplings and returned to concentrations similar to those at the initial sampling by 215 min ( Figure 3F ). Valerate concentrations were lowest in the VM and BUF groups and highest in the MT and MLY groups. Valerate concentrations for the control were similar to all other groups. Valerate concentrations increased between the 5-and 65-min sampling times and then plateaued (Table 6; Figure 3G ). Ammonia concentrations were lowest in the MLY and MT groups. The MT and BUF groups had a comparable ammonia concentration, as did the BUF and VM, and VM and control groups. Ammonia concentrations were highest at the 65-min sampling (Table 6 ; Figure 3K ).
No group effects were evident for rumen total or other individual VFA, lactate, or pH measures; however, time effects were significant for each of these measures, with the exception of total lactate. Total VFA, propionate, and l-lactate concentrations increased between the 5-and 65-min sampling times and then plateaued (Table  6 ; Figure 3B , D, and J). The acetate-to-propionate ratio was highest at the final sampling (215 min; Figure  3E ). d-Lactate concentration decreased at the 65-min sampling, returned to a concentration similar to that at the first sampling over the 115-to 165-min period, and decreased at the final 215-min sampling (Table  6 ; Figure 3I ). Rumen pH decreased after the 115-min sampling ( Figure 3L ).
Rumen histamine concentrations were considerably lower in the MLY heifers compared with other groups and more than 4-fold lower than those of the VM group. Means within a row not sharing a common superscript differ significantly (P < 0.05). (y) of log 10 valerate: 2.14, 1.45, 2.95, 2.69, and 1.51; log 10 isovalerate: 1.32, 1.12, 1.02, 1.26, and 1.62. The VM and BUF, BUF and control, and control and MT groups had comparable concentrations (Table 6 ; Figure 5 ). Rumen and plasma histamine concentrations were not correlated (r = −0.07). The concentration of BAP decreased over the challenge sampling and was similar in the control, VM, and MT groups. Concentrations were lower in the MLY and BUF groups, which were comparable to that of the MT cattle (Table 6 ; Figure 4B ). Concentrations of dROM, OSI, ceruloplasmin, and histamine in plasma were not affected by the interaction of group by time or the main effect of group (Table 6; Figure 4A , C, and D). Concentrations of dROM decreased over the challenge sampling ( Figure 4A ) and a trend occurred toward an increase in ceruloplasmin concentrations (P = 0.06; Table 6; Figure 4D ).
The relatively large standard errors of the mean in Table 6 and error bars in Figure 3 indicate considerable between-heifer variation within all groups. For example, within the VM group, 2 heifers had considerably lower rumen pH and higher propionate and lactate concentrations than the other 6. One heifer's rumen pH decreased from 5.9 to 5.1 and propionate concentration increased from 23 to 36 mM between the 5-and 165-min samplings and her total lactate concentration peaked at 60 mM (65-min sampling). Similarly, in the MLY group, a heifer had a rumen pH of 6.1 that decreased to 4.6 and total lactate and ammonia concentrations that increased from 25 to 116 and 0.2 to 5.7 mM, respectively, over the challenge sampling. Her acetate concentration was higher until the 115-min sampling, whereafter it and propionate and butyrate concentrations dropped. One heifer from the BUF group had a rumen pH that decreased to 4.8 and a total lactate concentration of 148 mM at the final sampling.
Locomotion Scores
Of the total number of locomotion scores taken on 7 occasions throughout the study, only 4.8% had a score ≥2 and no scores were above 2.5. No difference in locomotion scores occurred between groups; however, no scores ≥2 were recorded in the preadaptation or 5-d-after-challenge scoring sessions.
DISCuSSIOn
The starch and fructose challenge model was sufficient to evaluate the capacity of feed additives to reduce ruminal acidosis risk, given the substantial changes in rumen conditions during the adaptation period and over the first 215 min after the challenge feed. Cyclic feeding patterns and clinical signs of acidosis in some heifers during the adaptation period and diagnosis of a clinical case of acute ruminal acidosis on challenge day further validates the severity of this challenge model.
None of the feed additives examined stabilized the rumen in all the heifers; however, positive responses to interventions were evident in all groups. The complex interactions within the rumen ecosystem and differences in modes of action of the feed additives are evident in the diverse responses of individuals within groups.
The challenge ration fed at 1.2% of BW is similar to the challenge rations of Golder et al. (2012) and Lean et al. (2013) fed to dairy heifers. Grain-based rations up to 1.5% of BW or diets that contained glucose at 0.3 to 0.6% of BW produced subacute ruminal acidosis with minimal risk of acute ruminal acidosis (Nagaraja and Titgemeyer, 2007) . Ruminal and systemic acidosis has been induced in dairy heifers of comparable ages and weights to those in this study by orally drenching with oligofructose at 0.17% of BW (Danscher et al., 2010) . The TMR fed in the adaptation II period (NDF at 33.6, starch at 26.4, NFC at 47.7, and sugar at 12.6% of DM) is representative of beef feedlot rations and some lactating dairy rations and thus should mirror effects in the field. Average daily gains were much higher than expected and consistent with those of feedlot cattle (Reinhardt et al., 2012) , providing additional validation of the performance of the diets.
The challenge was large enough to induce a prooxidative response over the duration of the study, but not between groups, a finding consistent with another starch and fructose challenge (Golder et al., 2013b) . The effects of period and time on oxidative stress bio- 999 markers support the finding by Gabai et al. (2004) that substrate changes influence oxidative stress.
Intake control and subsequent maintenance of optimum rumen conditions may be a defense mechanism of animals or response to feed additives that prevent acidosis (Owens et al., 1998) . The quantitative review of Nagaraja and Titgemeyer (2007) suggests that responses in cattle that consume feed appear to be different to those that receive direct rumen challenges such as drenching or insertion of feed using fistulae. These observations support the decision to allow voluntary diet intake, which more closely mimics on-farm practices and ensures that diets are within physiological limits that cattle can consume.
Acidosis definitions have largely been based on various rumen pH cut points (Gozho et al., 2006; Plaizier et al., 2008) ; however, pH determinations vary according to heterogeneity of the rumen, rumen fluid collection method, collection site, intake of fermentable carbohydrate, buffering capacity, rates of absorption, time of day, and the time between feeding and fluid collection (Duffield et al., 2004; Nagaraja and Titgemeyer, 2007; Shen et al., 2012) . Saliva contamination may occur when rumen fluid is collected by a stomach tube (Duffield et al., 2004) ; however, this can be overcome by correct insertion technique (Lodge-Ivey et al., 2009; Shen et al., 2012) . It was our intention to define acidosis status based on a combination of standardized individual VFA, ammonia, rumen pH, and lactate measures using the model by Bramley et al. (2008) . The trend toward an increase in acidosis risk between the preadaptation and adaptation II samplings, as indicated by the acidosis eigenvalues, was anticipated due to the diet composition.
Rumen fluid measures from the majority of rumen samples collected from all heifers at all 5 sampling times on challenge day were not consistent with the Bramley et al. (2008) model or those from other studies fitted using this model (O'Grady et al., 2008; Golder et al., 2012; Lean et al., 2013) . The model was based on rumen measures collected from 800 cows from 100 dairy herds across South Eastern Australia that included predominately pasture-based herds, herds fed grain twice daily at milking, and lot fed herds (Bramley et al., 2008) . Approximately 10% of these cattle were defined as acidotic and the majority of cows in that data set (Bramley et al., 2008) had lactate concentrations <1 mM. The high total lactate concentrations of >19 mM for the mean of each feed additive group on challenge day in our study and individual heifers with concentrations as high as 148 mM may explain why the samples did not fit the model.
The rumen measures from the challenge day do not consistently fit within any of the definitions used for cattle with normal rumen conditions or cattle with subacute or acute ruminal acidosis (Nordlund and Garrett, 1994; Kleen et al., 2003; Nagaraja and Titgemeyer, 2007) . Rumen pH values were greater than those suggested for cattle with subacute or acute ruminal acidosis by those authors, and lactate concentrations were greater than those suggested for normal cattle. The inability to fit rumen measures to the model of Bramley et al. (2008) or consistently diagnose acidosis in these heifers using current definitions of acidosis based on starch feeding indicates that these heifers had distinctly different rumen profiles to these descriptions. We consider that the majority of heifers in the current study, regardless of feed additive group, experienced lactic acidosis throughout sampling on challenge day, possibly as a result of the fructose inclusion in the diet.
Large increases in lactate have previously only been associated with acute ruminal acidosis (Burrin and Britton, 1986; Nagaraja and Titgemeyer, 2007) . Mean total lactate concentrations per group exceeded those (0 to 5 mM) defined by Nagaraja and Titgemeyer (2007) for normal cattle or those with subacute ruminal acidosis for all heifers throughout the challenge sampling, regardless of feed-additive group. However, these were less than concentrations defined by those authors for acute ruminal acidosis (50 to 120 mM). This suggests that lactate accumulation can occur without clinical signs of acidosis, is not necessarily associated with clinical acidosis severity, and could be associated with dietary substrate.
Differences in bacterial communities may be responsible for the approximately equal proportions of lactate stereoisomers in the VM, MLY, and BUF heifers, and dominant l-lactate concentrations in the control and MT groups. However, the ratio of stereoisomers does not always reflect their production, as lactate racemase can interconvert stereoisomers (Asanuma and Hino, 2002) . d-Lactate is metabolized more slowly and has been suggested to be associated with more severe acidosis than l-lactate (Dunlop and Hammond, 1965) . Further research on the association between lactate stereoisomers and clinical acidosis is warranted.
Substrates and the length of exposure to substrate influence the risk of acidosis, primarily through changes in microbial communities and rumen papillae (Dirksen et al., 1985; Nagaraja and Titgemeyer, 2007) . The current study supports a quantitative review (Nagaraja and Titgemeyer, 2007) that suggests that substrates, particularly sugars, may be a greater risk factor for acidosis than length of substrate exposure, because lactate accumulation occurred on challenge day irrespective of feed additive. In acidosis challenge models, approximately half the amount of glucose compared with grain is required to induce acidosis (Nagaraja and Titgemeyer, 2007) . Higher lactic acid concentrations were found in direct comparisons between steers fed sugar or starch (Harmon et al., 1985; Heldt et al., 1999) and ruminal and systemic acidosis developed in cattle orally drenched with oligofructose after previous oligofructose exposure (Danscher et al., 2010) . A single feed of dietary fructose included at 0.4% of BW combined with triticale at 0.8% of BW increased d-lactate concentrations approximately 22 and 5 fold above control or triticale only-fed heifers, respectively (Golder et al., 2012) . These studies suggest that sugars produce higher amounts of lactic acid, pose a greater risk of acidosis than grain-based diets, and that the rumen is more capable of withstanding single starch-based grain exposures compared with exposure to sugars. Substrate may also influence the efficacy of feed additives, an observation that merits further investigation.
Relatively large variations in rumen profile were observed among individual heifers both within and between groups, consistent with some other carbohydrate feeding studies and may reflect the capacity of individuals to utilize different substrates and cope with changes in diet (Brown et al., 2000; Bevans et al., 2005) . However, variations are greater than observed in other carbohydrate feeding studies (Mutsvangwa et al., 2002; Golder et al., 2012) . These observations emphasize the need for large numbers of experimental animals to test interventions (Nagaraja and Titgemeyer, 2007) . The large variation in response can mask the effect of dietary manipulation (Yang and Russell, 1993) , and may explain the lack of significant group effects on total VFA, propionate, lactate, and rumen pH measures that are commonly associated with acidosis (Coe et al., 1999) . Despite the large observed among-and withingroup variation in rumen profiles, group differences in rumen acetate, butyrate, valerate, ammonia, and histamine concentrations were evident.
Virginiamycin findings appeared to support the conclusion of Coe et al. (1999) that VM has the potential to moderate rumen fermentation in situations that could lead to rapid production of lactic acid. Responses observed in our study were consistent with VM studies in Holstein steers (Coe et al., 1999) , and dairy cattle (Clayton et al., 1999) . The combination of increased DMI over the adaptation periods, increased butyrate and ammonia, lower acetate and valerate, and numerically lower propionate and total lactate concentrations, and numerically higher rumen pH in VM heifers at challenge samplings supports a role for VM in stabilizing fermentation.
Other cattle studies with VM found similar effects on the proportion of total VFA (Salinas-Chavira et al., 2009) and propionate (Clayton et al., 1999; Valentine et al., 2000) to concentration results to our study. However, numerically lower propionate concentrations in the VM heifers possibly conflict with the proposal that VM selects for propionate-producing bacteria (Dennis et al., 1981) . The low valerate concentrations have not been observed in other VM studies (Nagaraja et al., 1987; Valentine et al., 2000) .
The numerically lower total lactate concentrations, compared with control heifers, support a proposed mode of action for VM through inhibition of protein synthesis in gram-positive bacteria (Cocito, 1979) and observations of reduced or no effect on rumen lactate concentrations in Holstein steers fed VM (Coe et al., 1999; Salinas-Chavira et al., 2009 ). However, total lactate concentrations, regardless of group, were abnormally high throughout the challenge sampling, suggesting a degree of acidosis risk and a reduction, but not complete prevention, of lactate accumulation in the VM heifers.
The lack of difference in ammonia concentrations between the VM and control cattle is consistent with other cattle studies (Hedde et al., 1980; Coe et al., 1999; Ives et al., 2002) ; however, the decrease in ammonia concentrations over the challenge sampling in the VM heifers could support a protein-sparing effect of VM identified in vitro (Van Nevel et al., 1984) . The highest histamine concentrations in the VM heifers suggest that VM favors histamine-producing bacteria. The lack of significant effect of VM on rumen pH is consistent with some findings (Salinas-Chavira et al., 2009) but contrasts with increases (Hedde et al., 1980; Coe et al., 1999) in Holstein steers fed VM.
Clinical observations, the highest acidosis eigenvalues, and variable DMI in the MT group before challenge day suggest these heifers had the greatest acidosis risk before challenge day. On challenge day, similar rumen pH values to the controls, numerically lowest acetate-to-propionate ratio, and numerically highest lactate concentration suggest that a degree of acidosis risk occurred in the MT group. However, this group appeared to have beneficial effects of lower rumen ammonia and histamine accumulation and increased valerate concentration.
The lack of effect of MT on total VFA concentration is not consistent with an increase (Lean et al., 2000) or decrease (Ives et al., 2002) observed in other MT cattle studies. The absence of effect of MT on propionate concentration is consistent with the majority of MT cattle studies (Morris et al., 1990; Clary et al., 1993) ; however, it is in contrast to its proposed mode of action of increasing propionate production. The reduction in acetate and butyrate concentrations in both monensin-containing groups is consistent with monensin's proposed mode of action, which may also include a possible reduction in protozoal populations (Poos et al., 1979) . The highest valerate concentrations in both the monensin groups could indicate growth of bacteria, such as Megasphaera elsdenii, that can ferment lactate to valerate among other end products (Marounek et al., 1989) . Valerate is a safe sink for electrons and high concentrations may indicate a lower acidosis risk. Valerate concentration also tended to be higher than controls in MT-fed lactating dairy cattle (Lean et al., 2000) .
The low ammonia concentrations in both monensin groups are consistent with the protein-sparing effect and decreased ammonia concentrations reported in monensin-fed dairy cattle (Plaizier et al., 2000; Ghorbani et al., 2011) but no effects have also been observed (Ramanzin et al., 1997; da Silva-Kazama et al., 2011) . Protein sparing can be beneficial to the host; however, as ammonia is required for microbial protein synthesis, a very low ammonia concentration could be detrimental, depending on the quality of protein spared.
The lowest concentrations of rumen histamine in both monensin-containing groups may be a positive response to the feed challenge. However, the role of histamine in ruminal acidosis and its sequelae remains unclear despite its well-known vasoactive characteristics. Rumen pH was not influenced by MT in the current study, consistent with findings in feedlot steers (Morris et al., 1990; Clary et al., 1993) but was increased in other MT feedlot studies (Coe et al., 1999; Ives et al., 2002) .
The MLY combination showed potential to reduce acidosis risk, largely through reduced rumen acetate, butyrate, and histamine accumulation, higher valerate concentrations, and protein sparing. The low DMI and marked variation in DMI for MLY heifers throughout this study suggest that MLY was not as effective as VM or BUF. Reduced voluntary feed intake could be a strategy to maintain rumen health and did not appear to influence ADG or FCR. In contrast to the current study, no effects on DMI occurred in monensin-fed dairy cattle (Ramanzin et al., 1997; Mutsvangwa et al., 2002) or Levucell SC-fed dairy cattle in a multi-study analysis (de Ondarza et al., 2010) , suggesting that the combination of MLY may behave differently than monensin or Levucell SC only.
Consistent with this study, Kowalik et al. (2012) reported no influence of MLY supplementation on total VFA concentrations in Levucell SC-supplemented dairy cattle; however, Želvytė et al. (2006) found that total VFA concentration increased in Levucell SC-fed dairy cattle. Contrary to the increase in acetate concentration in MLY heifers in our study, acetate concentrations were unchanged in Levucell SC-supplemented dairy cattle (Thrune et al., 2009; Kowalik et al., 2012) . The increase in butyrate concentration is consistent with that observed in dairy cattle fed Levucell SC (Thrune et al., 2009) . Lactic acid concentrations have not been reported in dairy cattle fed Levucell SC and we propose that enhanced growth of lactate-utilizing bacteria may have led to increased movement of electrons to the safe sinks, propionate and valerate. All but one MLY heifer in our study had markedly lower lactate concentrations than the majority of other cattle and concentrations were approximately half those of the MT or control group during challenge (Table 6) .
Ammonia concentrations were not affected in dairy cattle fed Levucell SC (Thrune et al., 2009) , in contrast to the decrease observed in this study. The numerically highest rumen pH in the MLY group is consistent with increased rumen pH in dairy cows supplemented with Levucell SC (Želvytė et al., 2006; Thrune et al., 2009; Kowalik et al., 2012) and lower feed intake. Overall, aspects of response to MLY exist that differ markedly from monensin or Levucell SC fed singly, suggesting a positive synergy.
In the BUF group, feed intake variation was reduced before challenge day and the rumen was stabilized on challenge day; however, the administered recommended inclusion rate of sodium bicarbonate and magnesium oxide was higher than rates fed in practice . The increase in DMI before challenge day in the BUF-fed heifers contrasts with effects from quantitative reviews on sodium bicarbonate, magnesium oxide, and their combination (Erdman, 1988; Staples and Lough, 1989; Hu and Murphy, 2005) . The majority of studies included in these reviews fed maize silage, which influenced results (Erdman, 1988) and emphasizes the importance of substrate in evaluating studies.
Consistent with our study, propionate and acetate-topropionate ratio were not affected when maize was not included in the ration, except when >30% forage diets were fed (Erdman, 1988; Hu and Murphy, 2005) . A lack of effect of sodium bicarbonate or magnesium oxide on acetate proportion identified in reviews (Staples and Lough, 1989; Hu and Murphy, 2005) differs from the large increase in acetate in the BUF group. The lack of difference in butyrate concentrations between the BUF and control heifers is similar to the absence of effect on butyrate proportions observed in other BUF dairy cattle studies (Stokes et al., 1986; Arambel et al., 1988) . The low valerate concentrations in the BUF heifers may reflect the numerically lower lactate concentrations than controls; however, other studies found no changes in valerate proportion in BUF-fed dairy cattle (Stokes et al., 1986; Arambel et al., 1988) .
The lack of rumen pH difference to controls for the BUF group is consistent with quantitative reviews (Erdman, 1988; Hu and Murphy, 2005) ; however, the pH was numerically increased in the majority of studies reviewed by Staples and Lough (1989) and lower for those that fed maize diets (Hu and Murphy, 2005) .
Lactate concentrations were not effected in the BUFfed heifers, consistent with sodium bicarbonate-fed dairy cattle (Kilmer et al., 1981; Kennelly et al., 1999) , but were numerically lower than the control and MT groups. The decrease in ammonia concentration may suggest the BUF reduced protein degradation; however, ammonia concentrations were not affected in sodium bicarbonate-fed cattle (Solorzano et al., 1989; González et al., 2008) .
COnCLuSIOnS
In summary, our hypothesis that feed additives would reduce acidosis risk compared with unsupplemented control cattle was equivocally supported. All feed additives modified the rumen in ways that influence the risk of acidosis by different means. Some positive and negative rumen fermentation responses to feed additive groups were evident, and no individual group was able to maintain completely favorable ruminal conditions in all heifers. The large variation between animals suggests that feed additives may not be capable of controlling acidosis under extreme challenge or in cattle with a high acidosis risk. Feeding behavior may be an important means by which cattle reduce the risk of acidosis. Metagenomic assessment of samples from this study, alternative feed additive combinations, and dose rates of feed additives should be matters for further investigation.
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